Abstract. We explore acceleration of ions in the Quark Nova scenario. Two cosmic ray components are isolated: the pulsar wind (before the explosion) and the propeller wind (following the explosion), both boosted by the ultra-relativistic Quark Nova shock. The latter component acquires a power law spectrum (dN/dE ∼ E −s ) with s ≃ 3.2 − 3.3 and energies 10 15 eV < E < 10 18 eV while the former, boosted pulsar wind, achieves ultra-high energies E > 10 18.6 eV and a spectral index s ≃ 2. We predict up to around 50 simultaneous ultra-high energy cosmic ray events for the Pierre Auger detector per distant QN, pointing back to the original direction, while about 1500 are predicted for the proposed EUSO and OWL detectors.
Introduction
Large efforts have been devoted to explore the origin of cosmic rays. Most puzzling are the observed ultra-high energy cosmic ray events (UHECRs) above the GZK-cutoff (Greisen 1966; Zatsepin & Kuzmin 1966) : protons lose energy drastically due to pion photo-production processes on the cosmic microwave background (CMB) at energies higher than 7 × 10 19 eV, and this limits the proton mean free path to some tens of megaparsecs. Two distinctly different classes of models are commonly considered, the Top-Down and Bottom-Up scenarios. In the former ones, UHECRs are associated e.g. with the decay of some supermassive particles, whereas in the latter scenarios UHECRs are assumed to be accelerated by astrophysical objects (for a latest review see e.g., Ostrowski 2002 and references therein). A growing number of Bottom-Up models have been proposed, including active galactic nuclei, gamma ray bursts and neutron stars. However, at present there seems to be no clear association of UHECR events with any of these objects although by tuning the model parameters one enables the highest energy events to be accounted for. Identifying sources of the observed UHECR events will remain a major challenge in any Bottom-Up model.
We shall consider here the possibility that cosmic rays above around 10 15 eV originate from Quark Novae (hereafter, QNe, see Ouyed et al., 2002) . In the QN explosion the core of a neutron star shrinks into the equiliSend offprint requests to: ouyed@phas.ucalgary.ca brated quark object. The overlaying crust material freefalls following the core contraction releasing enough energy to form an ultra-relativistic fireball/ejecta. The ultrarelativistic shock interaction with its surroundings environment (namely the randomized relativistic wind of the progenitor) leads to the first cosmic ray component in our model, including UHECRs. The compact remnant acting as a propeller provides the second component to be boosted by the ultra-relativistic shock. In what follows, we explore these features among others and argue for QNe as plausible sources for cosmic rays.
The letter is presented as follows: We start with a review of the concept of Quark Nova in Sect. 2. while Sect. 3. deals with the resulting compact remnant. In Sect. 4. we explain how cosmic rays are produced and isolate the two regimes. A discussion is presented in Sect. 5 where we predict UHECR events in future detectors per one distant QN.
Quark Nova
It has been suggested that the core of neutron stars may deconfine to a composition of up (u) and down (d) quarks during or shortly after some supernova explosions when the central density of the proto-neutron stars is high enough to induce phase conversion (e.g., Dai, Peng, & Lu 1995; Xu, Zhang, & Qiao 2001) . It has been speculated that when the density in the core increases further, a phase with strange quarks (s) becomes energetically favored over the pure (u,d) phase and soon the entire star is contaminated and converted into this (u,d,s) phase. This is one of the scenarios introduced to convert an entire neutron star to a quark star (hereafter QS; Olinto 1987; Cheng & Dai 1996; Bombaci & Datta 2000) . In the quark-nova picture (Ouyed et al., 2002) the core shrinks to a corresponding stable quark object before the contamination is spread over the entire star. By contracting, and physically separating from the overlaying material (hadronic envelope), the core drives the collapse (free-fall) of the left-out matter leading to both gravitational energy and phase transition energy release. The energy released in a QN, E QN , is estimated to be as high as 10 53 ergs.
Quark Nova ejecta
The QN-ejecta consists mainly of the material laying above the neutron drip line. Its composition is dominated by heavy nuclei (the neutron star crust) and by protons, electrons and neutrons, beneath the crust and above the neutron drip line, caught during the explosion. The total amount of the ejecta can be estimated to be of the order of 1% of the total mass of the NS. We assume a typical mass of the QN ejecta to be (0.001 − 0.01)M ⊙ . The corresponding Lorentz factor is of the order of
Quark Nova compact remnant
The radius of the newly formed QS is given by R ≃ R NS (ρ NS /ρ) 1/3 where the NS core density, ρ NS , and the QS density, ρ, scale as ρ NS /ρ ≃ 0.1 − 0.2 (see Ouyed et al. 2002 and references therein) -hereafter parameters with no subscripts refer to the quark star. The QS spins up during the phase transition due to contraction, and the rotational period can be estimated as
In the process, the magnetic field is amplified. For dipolar field, and using magnetic field flux conservation, we find
For the rest of this paper, we assume a quark star (neutron star) mass of M = 1.5M ⊙ (M NS ∼ 1.5M ⊙ ), a radius R = 10 km (R NS ∼ 12.5 km), a surface magnetic field of 10 14 G (B NS ∼ 2 × 10 13 G). Since the fastest pulsar has a period of 1.56 ms (Backer et al. 1982) , we use 2 ms as a representative value for the period P of the new born quark star (P NS ∼ 8 ms).
Fall-back material
Fall-back of material onto a newly formed quark star may take place. In the early stages the accretion rate is given bẏ
where ρ ff is the density of fall-back matter (10 6 g/cm 3 , representing the neutron star crust material). The hyperEddington accretion rate given above is understood by noting that (i) the fall-back matter in the initial phase of the explosion is not accreted onto the surface (but are propelled away before radiating), and (ii) the crust would not form in the early stages leaving the quark star bare (not subject to the Eddington limit since the bulk of the star is bound via strong interaction rather than gravity; e.g., Alcock et al. 1986, and Zhang et al. 2000) .
Propeller regime
The newly born quark star is defined by its three critical radii: the Keplerian "co-rotation radius"
the magnetospheric radius at which the ram pressure of the in-falling matter balances the magnetic pressure
(see, e.g. Frank, King & Raine 1992) , and the light cylinder radius
Given our fiducial values, the QS is born in the propeller regime, i.e. R c < R m < R lc (Schwartzman 1970; Illarionov & Sunyaev 1975) , where the infalling material may be accelerated in a wind that carries away angular momentum from the magnetosphere and hence from the QS itself.
Propeller lifetime
The star loses rotational energy at a rate defined by the gravitational radiation losses (Ė grav. ), electromagnetic radiation losses (Ė em ) and the propeller's torque (Ė prop. ). That is,
with (Shapiro & Teukolsky 1983) −Ė grav. = 9 5
where ǫ is the equatorial eccentricity; and with (Manchester & Taylor 1977 )
The spin-down due to the propeller is (Menou et al. 1999) −Ė prop. = 2ṁc 2 = 1.8 × 10 49 erg/s ṁ 10 28 g/s .
Expression above assumes that the material flung away by the propeller effect has been accelerated to an angular speed corresponding to that of the star. We note that gravitational losses would be important in the spin-down for very short periods P < 2 ms (not our case) and propeller losses dominate over the electromagnetic dipole radiation losses given our accretion rates. The propeller regime lifetime can be obtained using Eq. (7) and Eq. (10). We find, assuming a constant accretion rate, t prop. ≃ 10 3 s I 10 45 g cm 2
10
28 g/ṡ m ( 1
where P i and P f , initial and final periods, are in milliseconds. For a constant accretion rate, and taken the total amount of the QN ejecta, the lifetime of the propeller phase would not exceed a hundred seconds during which time the QS would have spun-down by no more than 30% thus remaining within milliseconds period. Following this phase, the spin-down is governed by the magnetic dipole radiation losses of the quark star.
Production of the two cosmic ray components
This section is limited to discussing the two cosmic ray components that can be isolated in the QN picture with an emphasis on the statistics of events as compared with observations. A detailed study of the acceleration mechanisms is beyond the scope of this letter. As mentioned earlier, the two components stem from the wind of the parent NS (before the explosion) and the propelled QN fall-back material (following the explosion). Regarding the pulsar wind, we write the number density of particles as n wind = α ± n GJ where n GJ = B NS (r)Ω NS /(4πZec) is the Goldreich-Julien density (Goldreich & Julien, 1969 ) and α ± ∼ 10 4 the multiplicity factor (ratio of secondary to primary particles; e.g., Michel 1991); Ze is the particle's charge. We further assume that the wind (composed of electron-pairs and ions) 1 has been subject to a termination shock as to acquire a randomized kinetic energy (Gallant & Achterberg 1999 ).
Evolution of the QN ejecta
The evolution of the QN ejecta is subject to the parent NS wind and is divided into the expansion and deceleration phases (Mészáros, Laguna & Rees 1993) . The transition between these two phases occurs at a radius
2 ) 1/3 at which the energy in the swept-up material becomes of the order of 1 As would be expected if pulsars operates as an opencircuited systems with ions carrying the return current (Hoshino et al. 1992 ).
the energy released in the QN (m p is the proton mass) 
The ejecta remains in the expansion phase up to t QN,d ≃ 30 seconds (observer time). In the deceleration phase (R QN > R QN,d ), assuming adiabaticity, the QN Lorentz factor evolves as (Blandford & McKee 1976) ,
That is, the QN ejecta remains relativistic up to
, where Γ QN,c ∼ 2. For Γ QN,d ≃ 100, we obtain R QN,c ∼ 1.4 × 10 8 km which correspond to a relativistic phase lifespan of the order of 450 seconds. However, as we show in § 4.3, the relativistic phase is shut-down much earlier since most of its energy is quickly used up during the acceleration of the propelled fall-back material.
Acceleration of the pulsar wind
The energy for the randomized wind particles can be shown to vary from 2 × 10 14 eV to 4 × 10 15 eV (Gallant & Arons 1994) , and with one shock crossing they will be boosted by a factor of 2Γ 2 QN ∼ 2 × 10 4 before they leave the region 2 . This will accelerate particles to energies in the 4 × 10 18 − 8 × 10 19 eV range and probably higher, producing the UHECRs. The corresponding spectrum can be shown to be dN/dE ∼ E −2 (Gallant & Achterberg 1999) . At this high energies, synchrotron losses of protons are large if the particles are in the very vicinity of the quark star. Radiation losses would therefore prevent protons from accelerating to energies above E rad ≈ 3 × 10
(r/R lc ) 1/3 (r c /r) 2/3 , eV, where a particle's mass is Am p , and r c is the radius of curvature (e.g. Venkatesan, Miller & Olinto 1997 ). In our model the acceleration occurs far beyond the light cylinder (R QN,d /R lc >> 1), where the field is weaker and thus the curvature radius larger, and the losses are negligible. Radiative losses are even more negligible for acceleration around the rotational equator.
The number of particles accelerated by the shock can be integrated over the volume the shock wave covers in time t QN,d ,
The number of particles per unit volume from QNe in all the galaxies is
where T loss (E a ) is the residence time of a particle at the knee initially injected at higher energy (Arons 2002) ; very roughly, this is the lifetime T ± (E a ) ≃ 10 Gyr; ν QN is the QN rate per galaxy while n g is the galaxy density. With ν QN = 10 −6 yr −1 and n g = 0.02 Mpc −3 , this implies
The observed value J obs (E > 10 18.8 eV) ∼ 3 × 10 −18 cm −2 s −1 ster −1 (1 event per square kilometer per year; Lawrence et al. 1991; Takeda et al. 1998 ) is in good agreement with our estimated one as long as α ± ≥ 10 4 . For completeness, we mention that the energy boosting the pulsar wind (as well as the pre-existing cosmic rays) is a tiny fraction of the E QN .
Acceleration of the propelled wind
The material flung away by the propeller expands as a magneto-hydrodynamic wind to reach the speed of light (with Lorentz factors up to 10) at the light cylinder and beyond (e.g., Fendt & Camenzind 1996) 3 . We argue that the propelled wind can be further boosted by reverse shocks as to attain even higher Lorentz factors. Here, we consider the extreme case where Γ prop. ∼ Γ QN . That is, the propeller wind starts catching up with the QN ejecta only after t QN,d , namely ∼ 30 s after the explosion. During this time, the QN shock has had time to accelerate the surrounding randomized pulsar wind (as discussed in §4.2).
If the propeller works with the maximum accretion rate ofṁ = 10 28 g s −1 , then the rate of particle number isṄ prop. =ṁ/m p ∼ 10 52 s −1 . That is, after one crossing, where a particle is boosted by a factor 2Γ 2 QN , the energy in time unit used to accelerate the propeller wind is
This indicates that particle acceleration consumes the energy of the shock wave E QN within ∆t p ∼ 0.01 seconds, and the shock dies out 4 . It also means that tiny amount of the bulk of the propeller wind will be accelerated to energies of the order of 10 15 eV and at most up to 10 18 eV for those few particles that managed to get one more kick in the process. We expect the boosted propeller wind to acquire a power law spectrum, dN/dE ∼ E −s with s ≃ 3.2 − 3.3 (Achterberg et al. 2001) .
We obtain (with ∆t p ≃ 0.01 s)
3 Schwartzman (1970) first suggested that relativistic particles can be formed at the propeller stage by a rapidly rotating magnetic field (see also Kundt 1990) .
4 Most of the ejecta falls back allowing for disk and later planet formation around the newly born QS (Keränen&Ouyed 2003).
using our fiducial values. Our numbers are in good agreement with the measured value of J obs (E > 10 15 eV) ∼ 10 −12 cm −2 s −1 ster −1 (1 event per square meter per year; Bird et al. 1995) as long as the hyper-Eddington accretion rates can be accepted/justified. Since the propelled wind consists of the parent NS crust material, it is plausible that this cosmic ray component is rich in heavier ions, up to iron.
QN acceleration and the GZK-cutoff
Given the QN rate, there may be too few explosions within some tens of Mpc to produce the observed events with energies higher than the GZK-cutoff if they are protons. On the other hand, iron nuclei with GZK-cutoff energy can propagate longer in the sea of cosmic microwave background: the photodistintegration of the iron nucleus occurs at somewhat higher cosmic ray energy than the photopion production in case of protons (Puget et al. 1976 , Stecker & Salamon, 1999 . Therefore, if heavier ions are present in the NS wind (QNe probably occur most often in star forming regions), they can be accelerated to very high energies and propagate over much larger distances than protons around GZK-cutoff. Note, however, that heavier ions bend in magnetic fields more than protons of same energy, so they do not necessarily point back to their origins.
Particle Astronomy: QN signatures in future cosmic ray detectors
The highest energy protons close to GZK-energies will point back to their origin within a few degrees, since the estimated intergalactic and galactic magnetic fields are not strong enough to bend the path of these particles. Therefore there is a tiny energy window to do observational particle astronomy. We expect in our picture simultaneous events (within around t QN,d ∼ 30 s time scale) to be detected in the future experiments. With a rate of 10 −6
per galaxy per year and a galaxy density n g ≃ 0.02 Mpc this corresponds to about 50 simultaneous events per QN, pointing back to the direction of the origin. As for the proposed EUSO (Krizmanic et al. 1999) and OWL (Catalano 2001) detectors with an area of 10 5 km 2 this corresponds to up to 1500 simultaneous events per QN.
In conclusion, our model seems to reproduce the observed cosmic ray flux above 10 15 eV. It also predicts clear signature in future cosmic ray detectors. This might be an indication that it warrants more detailed study.
